A coordinated study was carried out on the development, evaluation and application of biomonitoring procedures for populations exposed to environmental genotoxic pollutants. The procedures used involved both direct measurement of DNA or protein damage (adducts) and assessment of secondary biological effects (mutation and cytogenetic damage). Adduct detection at the level of DNA or protein (haemoglobin) was carried out by 32 P-postlabelling, immunochemical, HPLC or mass spectrometric methods. Urinary excretion products resulting from DNA damage were also estimated (immunochemical assay, mass spectrometry). The measurement of adducts was focused on those from genotoxicants that result from petrochemical combustion or processing, e.g. low-molecular-weight alkylating agents, PAHs and compounds that cause oxidative DNA damage. Cytogenetic analysis of lymphocytes was undertaken (micronuclei, chromosome aberrations and sister chromatid exchanges) and mutation frequency was estimated at a number of loci including the hprt gene and genes involved in cancer development. Blood and urine samples from individuals exposed to urban pollution were collected. Populations exposed through occupational or medical sources to larger amounts of some of the genotoxic compounds present in the environmental samples were used as positive controls for the environmentally exposed population. Samples from rural areas were used as negative controls. The project has led to new, more sensitive and more selective approaches for detecting carcinogen-induced damage to DNA and proteins, and subsequent biological effects. These methods were validated with the occupational exposures, which showed evidence of DNA and/or protein and/or chromosome damage in workers in a coke oven plant, garage workers exposed to diesel exhaust and workers exposed to ethylene oxide in a sterilization plant Dose response and adduct repair were studied for methylated adducts in patients treated with methylating cytostatic drugs. The biomonitoring methods have also demonstrated their potential for detecting environmental exposure to genotoxic compounds in nine groups of non-smoking individuals, 32 P-postlabelling of DNA adducts being shown to have the greatest sensitivity.
Introduction
Thirteen laboratories from eight European countries participated in this coordinated study on the development, evaluation and application of biomonitoring procedures for populations exposed to environmental genotoxic pollutants. It is well known that environmentally polluted atmospheres contain a range of genotoxic substances, including (i) polycyclic aromatic hydrocarbons (PAHs) and lower-molecular-weight alkenes (e.g. ethylene, butadiene) which are metabolized to reactive epoxides; (ii) aromatic amines and nitroaromatics; (iii) low-molecular-weight alkylating (e.g. methylating) agents; and (iv) oxides of nitrogen (NO t ) which may generate genotoxic nitrosamines by reaction with amines. Additionally both metabolism of the above to generate DNA-reactive species and other compounds present in the atmosphere stimulate the production of active oxygen radicals (e.g. *OH). These can also damage DNA. The monitoring of human exposure to this complex mixture of toxic chemicals is clearly a desirable goal; knowledge gained from such studies would enable an assessment to be made of the relative significance and hazard associated with the 'environmental' exposure to a particular compound in comparison with other possible modes of exposure.
Exposure assessment for carcinogenic environmental pollutants may be carried out either by environmental monitoring of the inhaled air for genotoxic compounds or by biological monitoring at different stages in the process that can lead to the development of tumours (Figure 1) (Farmer, 1995) . For example, body fluids (blood, urine) may be analysed for the epidemiologfl- chemicals and/or their metabolites in order to gain a clearer insight into the amount of chemical absorbed. Measurements of the interaction products of these chemicals with cellular macromolecules (e.g. DNA, protein) may be made, which gives the biologically effective dose of the genotoxic compound that has reached the tissue under study. The biological effects caused by those chemical interactions (e.g. mutations, production of micronuclei) may also be studied. The ability of these approaches to predict risk would be expected to increase as one goes further down the process from exposure to tumour. Correspondingly, the predictive value for identifying the chemicals involved in the exposure decreases as one goes from exposure monitoring to mutation determination. Therefore, a multifactorial approach seems the most appropriate for studying complex exposures where information on both the chemicals involved and the risk from the exposure is required. Many of the above-mentioned biomonitoring methods are at an early stage of development. Others were widely used only for exposures to much larger amounts of genotoxic substances (or their analogues) than are found in environmental pollution, e.g. in occupational surroundings. For this reason this collaborative project paid particular attention to development of methods suitable for biomonitoring low levels of genotoxicants present in complex mixtures.
Regarding the populations studied, attention was paid to those exposed to urban pollution and in particular to the genotoxicants present in such samples that result from petrochemical combustion or processing. Blood and urine samples from individuals in urban locations were collected and distributed amongst the programme's participants. Air samples were collected and analysed. Populations exposed through occupational or medical sources to larger amounts of some of the genotoxic compounds, or their analogues, present in the environmental samples were used as positive controls for the environmentally exposed population. Samples from rural areas were used as negative controls.
Adduct detection at the level of DNA or protein (haemoglobin) was by 32 P-postlabelling, immunochemical, HPLC or mass spectrometric methods. Urinary excretion products resulting from DNA damage were also estimated (immunochemical assay, mass spectrometry). The measurement of adducts was focused on those from (i) low-molecular-weight alkylating agents; (ii) compounds that cause oxidative DNA damage; and (iii) some more complex constituents of urban pollution (e.g. aromatic hydrocarbons and nitroaromatic hydrocarbons). Although established methods were selected for use, considerable method development took place in all assays.
Cytogenetic analysis of lymphocytes was undertaken (micronuclei, chromosome aberrations and sister chromatid 364 exchanges) and mutation was estimated at a number of loci, including the hprt gene and genes involved in cancer development.
It was intended that the project should allow (i) a thorough interlaboratory comparison of different biomonitoring procedures for genotoxic exposure; (ii) asssessment of the relationship between the internal dose of the genotoxic agent (determined from adduct levels) and the external dose; (iii) assessment of the relationship between the internal dose of the genotoxic agent and the subsequent genetic damage associated with the exposure (measured by mutation and cytogenetic effects); (iv) study of interindividual variation amongst the subjects in a population; (v) development of novel, more sensitive, specific and practical methods for biomonitoring such exposures; (vi) comparison of the relative sensitivity of different techniques within individual laboratories; and (vii) evaluation of interlaboratory variability of established techniques.
Materials and methods
Within this collaborative project, the main focus of attention was on the application of methods to assess environmental exposure of defined populations in Europe to genotoxic, potentially carcinogenic chemicals. However, parts of the contributions of various participants have dealt with further development and refinement of methodology, in order to achieve higher sensitivity, better reproducibihty or more reliable interlaboratory calibration. This is particularly the case for "P-postlabelling, where extensive developmental work, which is described in some detail below, was earned out.
Methodological developments and improvements that were achieved during the course of this project pertained to biochemical, immunochemical and physicochemical methods to determine genotoxic damage. In addition to 32 Ppostlabelling of DNA lesions, these also included mass spectrometnc analysis of protein adducts and urinary DNA adducts, immunoaffinity purification and immunochemical detection of DNA damage. In addition, improved methods to detect mutations in blood lymphocytes were presented. Furthermore, developments and improvements were reported with respect to automation, statistical approaches in population studies and biologically-based mathematical modelling. n P-postlabelling Established postlabelling procedures were used for the detection of bulky adducts of aromatic carcinogens with DNA (Gupta, 1985; Reddy and Randerath, 1986) , although several improvements to these assays were made. These procedures were calibrated between the participating laboratories. For postlabelling of low-molecular-weight adducts, standard adducted nucleotides were synthesized to act as standards. Additionally, a novel approach was developed for postlabelling of DNA adducts due to metabolites of 1,3-butadiene.
Improvement of the **P-postlabelling procedure to quantify aromatic DNA adducts. As reliable adduct quantification via 32 P-postlabellmg is a matter of ongoing debate, various efforts were made to improve the methodology of the assay (Steenwinkel et al., 1993; Baan et al., 1994) . These improvements include:
(i) The use of standard DNA samples carrying known amounts of benzofa]-pyrene (BP) adducts, determined by use of an independent analytical technique . FPLC analysis of a DNA digest prior to 32 P-postlabelling of DNA adducts. A I |ig aliquot of DNA, digested with micrococcal endonuclease and spleen phosphodiesterase, is loaded onto an anion-exchange column (Mono Q., Pharmacia) and eluted with a NaCl-gradient. The effluent is monitored at 260 nm. The numbers 1^4 (panels A and B) indicate the normal deoxynucleoudes 3'dCMP, 3'dTMP, 3'dAMP and 3'dGMP respectively. In panel B, a and b indicate nucleotides 3'UMP and 3'GMP, derived from contaminating RNA. The efficiency of digestion can be assessed from the relative ratios of the peaks in panel A. The amount of DNA used in each 32 P-postlabelling sample can be accurately quantified on the basis of the area of the 3'dGMP peak, eluting at 9.2-9.3 min (detection limit 15 ng DNA). RNA contamination can be detected to a lower level of 0.1% (wt/wt). This FPLC analysis thus contributes to a more accurate quantification of DNA adducts by 32 P-postlabelling. synchronous fluorescence spectrophotometry (SFS). Two of these standards, with BP adduct levels in the range expected for the test samples, are routinely included in each postlabelling experiment.
(ii) The use of an FPLC anion-exchange column to analyse an aliquot of the DNA digest, which allows determination of the exact amount of DNA spotted on the TLC plates (lower detection limit -15 ng DNA) (Figure 2 ). In addition, the efficiency of the enzymic DNA digestion and the absence of RNA contamination can be verified on the basis of this FPLC analysis.
(iii) Protection of the thin-layer chromatograms from daylight, in particular when polyaromatic adducts are investigated. A considerable reduction (up to 40%) in the amount of adducts can occur as a result of exposure of dry chromatograms to light, particularly UV-A.
Interlaboralory calibration of
32 P-postlabellmg. Optima] conditions were established (participant 2) for various steps during 32 P-postlabelling of polyaromatic DNA adducts, e.g. DNA digestion, adduct enrichment and adduct labelling. The assay was standardized in a collaboration between several participants. Lymphocyte DNA samples were exchanged and analysed, together with a standard BP-DNA sample with a known relative adduct level (RAL>-value (participant 3) (Gupta, 1985) . Standard BP-DNA samples with known adduct levels (verified by SFS, see above, participant 4) were also exchanged.
Synthesis of DNA adduct standards with respect to methylation and radical damage. A series of DNA addduct standards was prepared (participant 12) in order to enable the optimization of adduct isolation and 32 P-postlabelling procedures. The following DNA adducts were prepared, both as 3' and 5'-monophosphates: JV-7-methyl- (Haque et al., 1994) , (Amethyl- (Haque et al., 1994) and 8-OH-deoxyguanosine. The structure of JV-7-methyldeoxyguanosine-3'-monophosphate (A'-7-medGp) was confirmed by mass-spectrometry (participant 1). The mass spectra of all adducted nucleotides was carried out using electrospray ionization (ESI) on a Fisons Quattro BQ mass spectrometer. The use of negative ionization yielded more intense molecular ions than did positive ionization. An illustrative example is shown in Figure 3 , which depicts the negative ESI spectrum of A'-7medGp.
Nucleotide standards were 32 P-postlabelled using T 4 -PNK, converted to 5'-monophosphates by nuclease-P| and separated by 2D-TLC. The 32 Ppostlabelling procedure, in which 2'-deoxyinosine-3'-monophosphate (dip) or 2'-deoxyguanosine-3'-monophosphate (dGp) was used as an internal standard to monitor adduct labelling efficiency (Wilson et al., 1988) , was optimized for a variety of parameters (see Table I ). Further refinements in TLC conditions combined with the quantitation of radioactivity by storage-phosphor technology (Johnstons al., 1990; Reichert etai, 1992; Povey and Cooper, 1995; K.Haque et al., manuscript in preparation) , as opposed to conventional autoradiography and Cerenkov counting, have resulted in increased assay sensitivity for both O 6 -and A^-medGp (see Table I ).
Development of a J2 P-postlabelling method to detect butadiene-DNA adducts. A 32 P-postlabelling method was developed (participant 3) to detect DNA damage induced by exposure to butadiene, a widely used chemical in the rubber and petrochemical industry. The reactive metabolites of butadieneepoxybutene (EB) and diepoxybutane (DEB)-were reacted with various deoxynucleotides and the products separated by HPLC. An A/7-linked EBdeoxyguanosine adduct was identified, but this adduct appeared to be a poor substrate for postlabelling, probably due to opening of the imidazole ring (Leuratti et al., 1993a) . A DEB-deoxyadenosine adduct was found to be more suitable (Leuratti et al., 1993a (Leuratti et al., , b, 1994 . By use of mass spectrometry, it was identified as the monoadduct of DEB at the /V6-position of deoxyadenosine. An HPLC-based adduct enrichment procedure was developed and suitable 32 P-postlabelling conditions were worked out. Figure 4 shows the HPLC separation of this adducted adenine nucleotide from the undamaged ones For the HPLC enrichment of the adducted nucleotide from DNA, a Sphensorb ODS2 column (4.6 mmX25 cm) and guard column were used. The eluent was 0.1 M triethylammonium acetate (Applied Biosystems) and 1% methanol for 20 min; the methanol was then increased to 5% over 10 min and held isocratically for a further 10 min. Appropriate fractions (DEB-dAMP adduct and normal dAMP) were collected, evaporated to dryness and retained for postlabelling. It should be noted that under the conditions employed, the adduct elutes before the undamaged nucleotides, thus avoiding the possibility of cross-contamination from the tails of these peaks for undamaged nucleotides.
The 32 P-postlabelling of the adduct from DNA purified from mammalian cells exposed to DEB, digested and separated by the above HPLC procedure was undertaken, and separation of the bisphosphate achieved by TLC ( Figure  5 ). DEB-dAMP standard and the corresponding adduct from DNA samples, as well as normal dAMP, were dissolved in water and converted to 32 Ppostlabelled biphosphate nucleosides as follows: 1.2 nl of labelling buffer (100 mM bicine, pH 7.8, 100 mM MgCI 2 , 100 mM dithiothreitol and 10 mM spermidine), 0.7 |il of cold ATP (600 nM), I |il of T4 polynucleotide kinase 3'-phosphate-free (10 U/ji.1; Boehnnger Mannheim, Lewes, UK) and 2 (il of [> 32 P]ATP (5000 mCi/mmol, 10 uCi/ul; Amersham, Cardiff, UK) were added to 7 |il of sample and incubated at 37°C for 2 h. Aliquots (2 u.1) of the incubation mixtures were spotted onto 20X20 cm PEI-cellulose TLC plates (Merck BDH, Poole, UK). Chromatography was onto a filter paper wick with 0.12 M sodium phosphate, pH 6.8. After removal of the wick, plates were washed for 5 min in water followed by 5 min in methanol. Once dried, plates were chromatographed in the second direction (90° to the first direction) with saturated ammonium sulphate/isopropanol/1 M sodium acetate (80:1:18).
Autoradiography was with Amersham Hyperfilm P-max for either 1 (DEBdAMP adduct standard) or 4 h (corresponding adduct from DNA). Labelled adducts and dAMP were quantified using an Ambis Image Analyser (LabLogic, < > Fig. 4 . HPLC enrichment of the DEB-dAMP adduct in calf thymus DNA hydrolysate. The location of the adduct is indicated. UK) provided with a radioactivity detector. A direct ratio of DEB-dAMP to normal dAMP was then determined. By using 14 C-radiolabelled DEB to measure the level of DEB-adenine adducts, it was shown that when the adducted nucleotide was labelled with 32 P, it was at an efficiency comparable to undamaged nucleotides. The presence of this DEB-adenine adduct in DEBexposed mammalian cells was also verified (Leuratti et al., 1994) . Hence, taking into account that the A'6-position is involved in hydrogen bonding, it is likely to be a biologically relevant lesion.
Future studies of the metabolic capabilities in man, e.g. on the extent of 6 nucleotides, determined by HPLC with electrochemical detection; cf. Van Delft et al. (1991b , 1993 ] were mixed in various ratios to reach adduct levels as indicated on the abscissa, and immobilized on nitrocellulose filter (1 u.g DNA/slot). The filter was processed and incubated with antibody A/7EO-E and peroxidase-labelled second antibody as described elsewhere (Van Delft et al., 1994) . After incubation in chemiluminescence reagent and exposure to X-ray film, the bands were quantified by scanning with a laser densitometer. Data points are averages ± SD of five slots.
formation of DEB in humans, should reveal the applicability of this procedure to assess human exposure to butadiene. Other approaches for detecting DNA adducts In addition to postlabelling, the other analytical approaches used for DNA adducts included immunochemical methods, mass spectrometry, HPLC with electrochemical detection, mobility-shift gel electrophoresis and a competitive repair assay (see below). An established technique was applied for the immunoaffinity GC-MS quantitation of W-3-alkyladenines that were excreted in urine following repair of alkylated DNA (Shuker and Bartsch, 1994) .
Development of immunochemical methods to detect various alkyl-DNA adducts. Immunochemical methods were developed (participant 4) for the detection of guanine-/V7-alkylations. Antibodies were raised in mice against various alkyldeoxyguanosines in the chemically stable, ring-opened form (RO/V7-AlkdGuo) (VanDelft«a/., 1991a (VanDelft«a/., , 1993 (VanDelft«a/., , 1994 . Monoclonal antibodies have become available for the analysis of A^-methyl-, /v7-ethyl-or Nl-(7-hydroxyethyl)-guanine (W7-MeGua, A^-EtGua or A/7-EtOHGua) in DNA. As the antibodies only recognize the ring-opened form of these lesions, the DNA is treated with alkali prior to analysis in the competitive ELISA (detection limit 1-2 adducts/10 6 nucleotides). In addition, an immunoslot-blot assay (ISB) was developed with the monoclonal antibody against ROVW-EtOHGua (detection limit 3 adducts/10 7 nucleotides). In this assay, this detection limit can be reached with <1 |ig of DNA ( Figure 6 ).
Development of an HPLC method with electrochemical detection (HPLC-EC), to determine various types of alkylguanines.
A method was developed (Van Delft et al., 1991b , 1993 to determine /V7-EtOHGua (the major base adduct formed in DNA upon exposure to ethylene oxide) via HPLC-EC.The adduct is released from the alkylated DNA by neutral thermal hydrolysis, separated from unmodified nucleobases by HPLC and detected electrochemically. The detection limit of this HPLC-EC analysis is 1 A^-EtOHGua/exlO 6 nucleotides.
Development of a mobility-shift gel electrophoresis assay for examining DNA adducts. A mobility-shift gel electrophoresis inhibition assay was developed (McConnell et al., 1993a, b; Dingley et al., 1994) to assay aflatoxin B, 001 100 10000 1000000
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(AFB|)-DNA adducts with a monoclonal antibody raised against AFBj-DNA (Hsieh el ai, 1988) . The aim of the methodology was to exploit the specificity of antibody interactions with the signal enhancement of 32 P-incorporation, resulting in the visualization and quantitation of pg amounts of DNA.
A 32 P-end-labelled AFB,-DNA substrate (136 bp) was synthesized. A limiting amount of anti-AFB,-DNA antibody was incubated with standard and test DNA (3 ng DNA/incubation) for I h at 37°C. A suitable amount of 32 P end-labelled AFB|-DNA was added and incubated for a further hour. The AFB^DNA-antibody complexes were separated from free DNA by PAGE employing a 3.5% wt/vol polyacrylamide gel at 200 V for 3 h, visualized by autoradiography and quantified with phosphorimageing technology. The percentage inhibition of binding of the antibody to the 32 P-labelled AFB|-DNA by the standard and test DNA samples were calculated. Standard curves were constructed in order to calculate unknown test sample adduct levels.
The maximum sensitivity of the assay was 1.5 adducts/10 6 nucleotides, as judged by the adduct level providing 20% inhibition of complex formation in the assay with a highly adducted standard (1 adduct/33 nucleotides) ( Figure  7 ). Use of a standard with a level of modification of 5 adducts/10 3 nucleotides resulted in a maximum assay sensitivity of 4.4 adducts/10 6 nucleotides ( Figure  8 ). The decreased recognition capacity of the antibody for adducts in DNA with a low modification level has important implications in methodology employing human samples at low-level exposures. Although the assay requires further improvements in sensitivity for biomonitoring purposes, it may be useful where limited amounts of DNA are available for analysis and could be broadly applied to the quantitation of other DNA adducts by antibodies.
Development of a method for detecting a marker of oxidative DNA damage, thymine glycol in DNA. cis-Jhymine glycol (c/j-Tg) is one of the significant products formed by the interaction of hydroxyl radicals with DNA (Iida and Hayatsu, 1971) . A specific and sensitive method for determining the modified pynmidine was established, based on capillary GC-MS-MS (Tang et ai, 1993 , Farooq et ai, 1995 . The method involves hydrolysis of DNA (50-100 |ig) in 60% formic acid at I4O°C in vacua, followed by conversion of the product to the r-butyldimethylsilyl derivative. This exhibits a strong (M-57)" 1 " ion (m/z 331) which is used for mass spectral selected ion monitoring. d 3 -cii-Tg was synthesized by reaction of d 3 -thymine with potassium permanganate [following a modification of the procedure of Iida and Hayatsu (1970) ], and was used as the internal standard. Calibration lines were linear, allowing the detection of low ng amounts of cis-Jg per mg DNA. The analytical procedure was used to detect cu-Tg in calf thymus DNA (1.4 ng/mg DNA). The amount of ci's-Tg increased in a linear dose-related fashion when this DNA was y-irradiated (e.g. 22.7 ng c/j-Tg/mg DNA at a radiation dose of 100 Gy).
Protein adducts
Established procedures were used for the GC-MS analysis of the ethylene oxide adduct with N-terminal valine in globin (Bailey et ai, 1991) , and the immunochemical analysis of the adduct of BP diol epoxide (BPDE) with albumin (Sherson et ai, 1990) . A novel immunochemical approach was developed for analysis of the interaction product of NOj with tyrosine in albumin.
Immunochemical procedure for the analysis of 3-nitrotyrosine in human serum albumin. Exposure to NO X from both exogenous and endogenous sources may lead to the formation of carcinogenic yV-nitroso compounds. In addition, nitric oxide (NO) may contribute to endogenous NO X exposure. To measure the total burden of exposure to NO X a method was developed (Shuker et ai. 1994) to determine the protein adduct 3-nitrotyrosine, a reaction product of nitrosating and nitrating agents with tyrosine. Antisera were raised in rabbits against A/-acetyl-3-nitrotyrosine. One of these antisera could be used to quantify 3-nitrotyrosine in proteins after hydrolysis of the protein and derivatization of the adduct to the A'-acetyl derivative. The antibodies may also be used in selective immunoaffinity purification of the adduct, prior to quantification by, for example, GC-MS.
Mutations
A variety of improvements were made to the techniques used for hpn and other mutant detection (summarized below). (Beare et ai, 1993) for the expansion of hpn mutants which involved replacement of the traditional repeated mitogen (phytohaemagglutinin; PHA) stimulation/feeder cell method with the use of 'reactive' feeder cells-treated with galactose oxidase and neuraminidase-in the absence of PHA. The use of this procedure allows expansion of all mutant colonies, including small numbers of cryopreserved cells, and colonies that failed to respond after repeated mitogen exposure.
Development of an improved procedure for the in vitro expansion of human T lymphocyte clones for mutant analysis. An improved method was developed
Development ofclonal assays for the measurement of hprt mutant frequencies in humans, rats and mice. Substantial efforts were made (participants 6 and 11) to improve and validate the clonal assay for the determination of hpn mutations in human lymphocytes (Jansen et ai, 1992 (Jansen et ai, , 1994 (Jansen et ai, , 1995 Cole el ai, 1992; Cole and Arlett, 1994; Cole and Skopek, 1994; Green et ai, 1994; Robinson et ai, 1994) . In broad outline, the clonal assay was already operational at the beginning of the project, but its performance and reproducibility has gradually and substantially been improved through numerous smaller or larger modifications in (i) composition of culture media; (n) choice of suitable T-cell growth factors; (iii) procedures for collection, isolation, freezing and thawing of lymphocytes; and (iv) choice of feeder cells. The influence of parameters such as gender, age and smoking on the mutant frequency was also carefully studied. The clonal assay was validated by extensive comparison of data sets from laboratories in France, England, The Netherlands and the USA. This has resulted in various recommendations for use of the clonal assay in biomonitoring studies.
The clonal assay was used to monitor mutations in (I) normal populations in cities or rural areas (participants 6 and 11; Tates et ai, 1991a, b) ; (ii) people exposed to radon in their homes (participant 11); (iii) cancer patients exposed to cytostatic drugs (Tates et ai, 1994c) ; (iv) workers occupationally exposed to ethylene oxide, epichlorohydrin or styrene/dichloromethane (Tates et ai, 1994a) ; and (v) people exposed to airborne crude petroleum (participant 11).
Participants 6 and 11 were also actively involved in the development of methodology for molecular analysis of hpn mutations (Rossi et ai, 1992; Vrielmg et ai, 1992a, b; Steingrimsdottir et ai, 1993) . This has resulted in the analysis of mutations in the hpn gene of lymphocytes from (I) normal smoking and non-smoking donors; (ii) DNA repair-deficient donors; and (iii) workers exposed to ethylene oxide. In the latter case, it could be established that there is a hot spot for mutation induction by ethylene oxide.
Apart from a reliable clonal assay for hpn mutations in lymphocytes from humans exposed in vivo to physical or chemical genotoxic agents, there is a need for clonal assays that can be used to perform model studies with laboratory mammals like rats and mice. Therefore, participant 6 was actively engaged in adapting the clonal assay for human lymphocytes for use in rats and mice (Van Dam et ai, 1992; Tates et ai, 1994b) . In principle, the assays for the three species are similar. Nevertheless, it rapidly became apparent that quite a number of subtle species specific modifications in culture techniques had to be taken into consideration for optimal functioning of the assay in a particular species. It has also become clear that it is rather difficult to accomplish a stable output of the clonal assay in mice and rats. Apparently, a number of still unknown factors can influence the performance of the clonal assay in an unpredictable fashion. Furthermore, it has become apparent that mutant frequencies are influenced by the age of the animals at the time of treatment. It was also found that the expression time for mutations is species-dependent.
The molecular analysis of hpn mutations in rats proved to be more difficult than anticipated because, unlike the situation in human lymphocytes, it proved to be difficult to expand mutant clones. In the case of mice, an expansion of clones proved to be impossible. Consequently, new procedures had to be developed for molecular analysis of mutations. The laboratory of participant 6 was successful in developing procedures for the molecular characterization of mutations in the complete coding sequence of the hpn gene. Using this technology, mutants were sequenced from rats that had been exposed in vivo to ethylmethanesulfonate, A'-(2-hydroxyethyl)-W-nitrosourea and N-e\hyi-Nnitrosourea. Marked chemical-specific differences were found in the role of O^-alkylguanine in hpn mutagenesis in T lymphocytes from spleen of rats (Jansen et ai, 1992 (Jansen et ai, , 1994 (Jansen et ai, , 1995 .
Cytogenetics
Automation of the micronucleus test on human lymphocytes. Cytogenetic screening can be considerably improved by the use of automated acquisition and processing of data (Castelain et ai, 1993) . Image analysis was applied as a useful tool to achieve this. With respect to analysis of micronuclei (MN), various aspects should be taken into account, e.g. cell classification on the basis of the number of nuclei per cell, the number of micronuclei in the different cell-classes and the statistical analysis. A flexible programme for the automation of micronucleus detection was worked out (participant 13) which allowed for the regular variation between slides and experiments. Comparison of the manual and the automated procedures revealed that nearly the same MN frequencies were scored with these methods. Further improvements as to algorithms and the use of more powerful statistical analyses were implemented.
Miscellaneous methods Development of methods for data collection and statistical analysis during biomonitoring studies.
(i) Questionnaire. A questionnaire that was specifically designed to assess possible confounding factors during biomonitoring of environmental exposures was developed (participant 11) and distributed. This questionnaire was a simplified version of that published by ICPEMC (Carrano and Natarajan, 1988) . It was designed to be self-administered, with a reasonable chance of obtaining correct information, in particular about the smoking habits and smoking history of subjects. The questionnaire was used during studies of hprt mutant frequencies in human T-lymphocytes.
(ii) Database analysis. A serious problem encountered during analysis of hprt mutant frequencies among humans is the large variation in background frequencies in allegedly non-exposed individuals. Within a given age group, the variation may be > I O-fold. In order to determine the sources of such variation, large databases obtained during the last decade were combined (participant 11) and suitable statistical procedures were worked out to analyse the data. Some experimental procedures and subject-related factors that contribute to the experimentally determined mutant frequency were identified. Most importantly, on the basis of this analysis, recommendations could be proposed with respect to sample size requirements to detect a given increase in hprt mutant frequency: 30-50 subjects per group (control or exposed) are needed to detect a 1.5-fold increase with 909t probability (Cole and Skopek, 1994; Green et ai, 1994; Robinson et ai, 1994 -methylguanine (C^-MeGua) in blood leukocytes of various groups of patients (total number >70) receiving the methylating drugs procarbazine or dacarbazine. These compounds serve as model chemicals for methylating agents of environmental significance. In most cases, the level of the repair enzyme O 6 -alkylguanine-DNA alkyltransferase (AGT) was also determined. The data were incorporated into a biologically based mathematical model which permitted the determination of rate-constants of, for example, bioactivation, adduct formation and repair. By comparison with similar analyses carried out in various animal species (in the context of another CEC-STEP project), it was possible to derive the rate constants for humans that may be used to assess the risks involved in exposure to methylating agents.
Sample collection Human populations. White blood cells or lymphocytes were collected from the following populations: coke oven workers, (participant 7; 0vreb0 et at., 1995) , diesel garage workers and bus mechanics, Copenhagen, Denmark (Participant 2; Nielsen and Autrup, 1994) , ethylene oxide-exposed sterilization workers (Ribeiro et ai, 1994) , workers exposed to styrene, dichloromethane and epichlorohydnn (Tates et ai, 1994a) , patients treated with methylating cytostatic drugs (Krytopoulos et ai, 1993) , populations exposed to environmental pollution in Athens, Greece (participant 5), Genoa, Italy (participant 10), Aarhus and Copenhagen, Denmark (participant 2), Swansea, Wales (participant 3), and a population exposed to oil fumes following an oil tanker accident, Shetlands, UK (participant 11). Suitable control populations were also sampled at most of these sites, and extra control groups were at Crete, Greece (participant 5), York, UK (participant 9) and rural parts of Denmark (participant 2). Erythrocyte samples were also obtained from the coke oven workers, diesel garage workers, workers exposed to ethylene oxide and epichlorohydrin, all the environmentally exposed populations and the control groups.
Unne was obtained from the coke oven workers and diesel garage workers. Additionally, a group of volunteers was exposed in a chamber to NO^ and their urine and serum collected (Rasmussen et ai, 1995) . Buccal mucosal samples were collected from the Swansea population (Stone et ai, 1995) .
Environmental monitoring. Environmental monitoring data were acquired by either personal samplers, e.g. in Genoa (participant 10) and Swansea (participant 3), or by the public monitoring system, e.g. in Athens (participant 5).
Results

Biomonitoring of occupational exposure
Studies of populations undergoing deliberate, controlled exposure to genotoxic chemicals can provide important information relevant to environmental risk assessment In the current project, in addition to the investigation of genetic damage in members of the general population exposed to ambient environmental agents, a number of other related activities were included to examine populations exposed to specific agents. Thus populations exposed through occupational sources to large amounts of genotoxic PAH compounds were used as positive controls for the environmentally exposed population.
PAH exposure in a coke oven plant (0vreb0 et al, 1992, 1995) . PAH-DNA adduct levels were determined by an ultrasensitive radioimmunoassay (USERIA) and 32 P-postlabelling in white blood cell DNA samples from coke oven workers and a reference group (participants 2, 4 and 7). Thirty per cent of the samples had a detectable adduct level by USERIA (polyclonal rabbit antibody against BPDE-modified calf thymus DNA), with a mean of 12.9 adducts/10 8 nucleotides for the exposed group and 10.4 adducts/10 8 nucleotides for the reference group. The mean adduct level with 32 P-postlabelling was 1.67/10 8 nucleotides for the exposed group and 1.54 adducts/10 8 nucleotides for the reference group. (This indicates an unusual higher selectivity of the postlabelling technique compared with the immunochemical method.)
Based on job description, the workers were then divided into four groups: reference, and low, medium and high exposed groups. Both assays produced a positive correlation coefficient between estimated exposure and PAH-DNA adduct levels. Adduct levels determined by the postlabelling method showed a correlation with tobacco smoking in the reference group. No significant correlation between BPDE-DNA adduct levels measured by USERIA and PAH-DNA adduct levels by postlabelling was found.
N-(2-Hydroxyethyl)valine (HOEtVal) concentrations in globin were analysed (participant 1). This adduct has previously been shown to be a biomonitor of exposure to ethylene oxide and other hydroxyethylating agents. A significant difference was found between smokers (256.8 ± 128.9 pmol adduct/g globin) and non-smokers (49.1 ± 25.0 pmol adduct/g globin).
Higher levels of HOEtVal were present in the non-smoking workers (57.3 ± 32.8 pmol adduct/g globin) versus the non-smoking controls (42.2 ± 16.2 pmol adduct/g globin), indicating that coke oven workers were exposed to hydroxyethylating agents. However, additional samples have to be analysed to show if there is a significant difference.
Urinary levels of 1 -hydroxypyrene correlated with exposure to PAH, but considerable variation in the level of 1 -hydroxypyrene was detected. Mean level varied from 1.11 to 4.26 H.mol 1-hydroxypyrene/mol creatinine in the exposed group, while the mean value for the reference group was 0.14 (imol/ mol creatinine. A significant correlation between estimated exposure levels for PAH and urinary levels of PAH was observed. Furthermore, a correlation was observed between smoking and levels of urinary PAH.
Diesel exhaust-exposed garage workers. Postlabelling techniques, determination of haemoglobin adducts and 1-hydroxypyrene analysis were employed to investigate exposure to PAH and the level of PAH-DNA adducts in lymphocytes from garage workers (Nielsen and Autrup, 1994; Nielsen et al., 1994) . Garage workers and bus mechanics were found to have a higher total DNA adduct level (26.7/10 8 nucleotides using the butanol enrichment procedure and 20.7/10 s nucleotides with the PI enrichment method) and a specific adduct pattern related to PAH exposure from diesel exhaust in ambient air and lubricating oil when compared with a matched nonexposed group (butanol: 8.3/1O 8 nucleotides, Mann-Whitney test, P = 0.012; PI: 2.5/10 s nucleotides, P = 0.0004) ( Figure  9 ) (Nielsen et al., 1996a) .
Since exhaust fumes contain ethylene, the formation of HOEtVal in haemoglobin was determined. The median adduct level for HOEtVal in the exposed workers had a significantly higher value (34.4 pmol/g globin, range 25.4-58.8) than the control group (23.2 pmol/g globin, range 8.0-37.0; P < 0.01). Biological monitoring of exposure to PAH using a method for the detection of 1-hydroxypyrene in urine showed that the excretion of 1-hydroxypyrene in the postshift samples was significantly higher in the exposed workers (median 0.11 |imol/ mol creatinine, range 0.05-0.16) compared with the controls (median 0.05 nmol/mol creatinine, range 0-0.11) (P < 0.0065). The 1-hydroxypyrene results did not correlate with adduct levels in lymphocyte DNA. No association between exposure and SCE, HFC or MN was observed.
Ethylene oxide. Workers exposed to ethylene oxide in a sterilization plant were analysed for /V7-EtOHGua levels in WBC DNA by the HPLC-EC method (participant 4). No evidence of this adduct was found among exposed and nonexposed individuals (detection limit for this assay is 40 fmol). The immunoslot-blot assay was also used to detect the ringopened A7-EtOHGua. The median adduct levels of the exposed individuals was 50% higher than that of controls. The differences between exposed and non-exposed individuals are not significant, due to large inter-individual variation.
After the publication of results from an investigation into induction of haemoglobin adducts and several types of genetic damage in workers exposed to ethylene oxide in the former GDR (Tates et al, 1991a,b) , two more occupationally or incidentally exposed populations were analysed. These populations were again investigated for hprt mutants, chromosome aberrations, micronuclei and SCEs in lymphocytes and haemoglobin adducts in erythrocytes (participant 6). The first population consisted of 22 controls and 75 workers employed in an industry in Brazil (Ribeiro et al, 1994) . During the 3 month sampling period, the time-weighted average for an 8 h working day was 2-5 p.p.m. Results indicate that exposure to ethylene oxide led to a statistically significant enhancement of chromosomal aberrations (P = 0.01) and of micronuclei in binucleated lymphocytes (P < 0.001). For the frequencies of micronucleated cells in buccal mucosa, there was no statistically significant difference between exposed and control groups. Due to the fact that blood samples were of poor quality upon arrival in The Netherlands, it was impossible to measure hprt mutations. The mean values for haemoglobin adducts (HOEtVal) in a selected group of exposed and unexposed donors were statistically different.
The second study involved biological monitoring in industrial workers following incidental exposure to high concentrations of ethylene oxide (Tates et al, 1995) . The study consisted of four groups of seven workers from a chemical manufacturing plant in The Netherlands. Group I workers were incidentally exposed to acute high doses of ethylene oxide ranging from 52 to 785 mg/m 3 . Group II and HI workers were chronically exposed to low doses of ethylene oxide for <5 years or >15 years respectively. Group IV were controls from the Occupational Health Department at the plant. Haemoglobin adduct levels in group I workers were very high and ranged from 1461 to 19913 pmol HOEtVal/g Hb ~1 month after the accident. HOEtVal values for group II and III workers fluctuated between 0 and 190 pmol/g Hb, corresponding with average ethylene oxide exposure levels in the range of <0.01 and 0.06 mg/m 3 ethylene oxide. The statistical analysis of genetic data for hprt mutations, micronuclei in binucleated lympho- cytes and SCEs did not reveal any statistically significant differences between any combination of worker groups. This finding implies that the incidental exposure to high concentrations of ethylene oxide did not cause any measurable permanent mutational/cytogenetic damage in exposed lymphocytes. The data accumulated in our studies on genetic effects of ethylene oxide were used for an exploratory assessment of genetic risk made during an EC/US workshop on human genetic risks from exposure to chemicals, focusing on the feasibility of the parallelogram approach (Natarajan et al, 1995) .
The molecular nature of hprt mutants was analysed for 51 mutants collected from ethylene oxide-exposed workers and 27 mutants from a parallel control group. Among other things, a hot spot was noted for base pair changes at position 617 of the coding sequence of the hprt gene (five times a GC -» AT transition in different donors). Such hot spot mutants were not recovered from the present control group or any other control group investigated in our laboratory. It thus seems that the hot spot mentioned is indicative of EO exposure (Vrieling et al, 1992a, b) .
Styrene, dichloromethane and epichlorohydrin. Frequencies of hprt mutants, chromosomal aberrations with or without gaps, aberrant cells, micronuclei, SCEs and cells with high frequencies of SCEs (HFCs) were measured in lymphocytes collected from 46 workers occupationally exposed to styrene and dichloromethane (DCM) in the former GDR (Tates et al., 1994a ) (participant 6). These parameters were also determined in 23 controls. Samples were collected and partly analysed by Dr Grummt from the Bundesgesundheitsamt Forschungsstelle, Bad Elster, Germany. Time-weighted average values for styrene and DCM exposure during an 8 h working day were respectively 70 and 108 mg/m 3 . These values correspond to TWA values of 17 p.p.m. styrene and 31 p.p.m. DCM. In exposed workers all cytogenetic parameters were significantly enhanced (P < 0.0001), but, due to lack of appropriate control data, no definite conclusions could be drawn concerning the mutagenicity of styrene/DCM exposure. Duration of exposure was not correlated with genetic effects analysed. The TWA value for styrene was not correlated with the extent of genetic damage detected, but that for DCM was positively correlated with the frequencies of chromosome aberrations and aberrant cells. These observations make it difficult to decide whether styrene or DCM or both chemicals induced the genetic effects observed in exposed workers. Frequencies of hprt mutants, chromosomal aberrations, micronuclei, SCEs and HFCs were measured in 15 workers occupationally exposed (16 ± 9 years) in the former GDR to epichlorohydrin and in 14 unexposed controls (participant 6). Samples were received and partly analysed by Dr Grummt. For the major part of the working day, the external exposure was 0.11-0.23 p.p.m. (1 p.p.m. = 3.78 mg/m 3 ) and during 3X15 min/day it was 0.19-2.57 p.p.m. Dr Hindso Landin from the Department of Radiobiology in Stockholm analysed dihydroxypropyl valine adducts in haemoglobin and found no significant difference between exposed arid non-exposed subjects. Mean values ± SD for the two groups were respectively 15.6 ± 14.8 and 11.4 ± 10.9 pmol/g globin. These data are now being compared with data from Swedish controls. Final conclusions cannot yet be drawn. With respect to genetic effects, the most significant effect was found for HFCs (P < 0.0001), SCEs {P < 0.0001) and chromosomal aberrations (minus gaps) (P = 0.008). Effects on micronuclei were on the borderline of significance, whereas there was no effect for hprt mutants. (participants 4, 5, 6 and 10) . This activity was included in the project for two reasons: (i) such individuals could serve as positive controls for a better understanding of the factors affecting the formation, fate and consequences of DNA adducts in man; and (ii) methylation damage similar to that induced by the cytostatic drugs examined here can be induced by genotoxins of environmental significance. It was expected, therefore, that by studying the consequences of methylated DNA adducts induced by cytostatic drugs, it should be possible to obtain information useful for the assessment of the risks associated with the exposure of the general population to environmental methylating agents.
Medicinal and other exposures Patients treated with methylating cytostatic drugs
The effects of two methylating drugs (procarbazine and dacarbazine) (Kolar, 1984; IARC, 1986; Prough and Tweedie, 1987; Bonnadonna and Santoro, 1992) were studied in different patient groups treated with protocols involving their use alone or in combination with other drugs (Van Delft et al., 1992; Kyrtopoulos et al, 1993; Souliotis et al., 1994) . The combination of selected patient groups (Table II) permitted the examination of the effects of different doses for a given agent, as well as interactions between different agents administered in the same protocol. The end-points examined included Nl-and C^-MeGua, the repair enzyme C^-alkylguanine-DNA alkyltransferase (AGT), hprt mutations and micronuclei in blood lymphocytes.
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The main results and conclusions of these studies are as follows.
(i) Dose-response relationships. Repeated daily exposure to procarbazine resulted in the accumulation in blood leukocyte DNA of C^-MeGua in a manner linearly related to the cumulative dose up to a total of ~20 mg/kg (800 mg/m 2 ) taken over 10 days (Figure 10 ). The levels of C^-MeGua induced were of the order of 0.4 Limol/mol Gua (n = 21) on day 10 and did not result in significant depletion of AGT.
Two hours after i.v. treatment of Hodgkin's lymphoma patients with a low dose of dacarbazine [mean dose 178 ± 13 mg/m 2 (4.9 ± 0.6 mg/kg)], the mean level of O'-MeGua was 0.38 ± 0.19 (imol/mol Gua (n = 20), and again, no depletion of AGT was observed. Four hours after a dose of 225 mg/m 2 dacarbazine (in combination with BCNU/m-Pt), the corresponding adduct level was 1.85 ± 0.50 \imo\Jmo\ Gua (n = 5). Finally, 2 h following i.v. treatment with dacarbazine alone at a dose of 1 g/m 2 (~28 mg/kg), the average C^-MeGua level was 3.3 ± 0.9 nmol/mol Gua (n = 35). It should be noted that, in this case, significant depletion of AGT occurred, 1 2 3 4 5 6 7 8 9 10 11 12 13 the enzyme reaching 67% of pre-treatment levels 2 h after treatment. It is likely that this decrease accounts for the supralinear increase in adduct formation observed. Four hours after i.v. treatment with dacarbazine, the mean N7-MeGua levels were 42 ± 13 ^mol/mol Gua for 225 mg/m 2 (n = 5), 87 ± 6 nmol/mol Gua for 800 mg/m 2 (n = 3) and 80 ± 37 |imol/mol Gua for 1000 mg/m 2 (n = 26, without hydroxyurea). These data suggest a dose-response relationship which is sublinear in this dose range, possibly due to saturation of the metabolic capacity at high doses of dacarbazine.
Repeated, daily exposure to dacarbazine (225 mg/m 2 /day) for 3 days gave rise to continuous accumulation of /V7-MeGua in total blood DNA (40 ± 14 |imol/mol Gua 24 h after the first dose and 97 ± 46 (imol/mol Gua 24 h after the third dose). C^-MeGua did not show analogous accumulation under the same conditions, its levels being 1.20 ± 0.45 (imol/mol Gua and 0.60 ± 0.20 |imol/mol Gua respectively. While this behaviour of t^-MeGua is in contrast to that observed after procarbazine, it is in line with experimental observations that this adduct rapidly reaches a steady state during repeated exposure to methylating agents under conditions which do not affect its repair (Souliotis et al, 1995) .
(ii) Adduct repair. By comparing adduct levels at different times after exposure, it was possible to obtain an indication of the stability of methylated DNA adducts in human leukocytes in vivo. In the case of patients treated with procarbazine or low doses of dacarbazine, the t m of (^-MeGua could be estimated to be in the range 25 ± 5 h. In patients treated with a high dose of dacarbazine a longer t m (40-58 h) was observed, probably as a result of the depletion of AGT occurring under these conditions.
The loss of A^-MeGua in DNA from total white blood cells is due to active repair and chemical instability (fi/2 of ~150 h in vitro). Data from patients treated with 800 mg/m 2 (n = 5) and monitored during three subsequent days suggest that in vivo, the /|/2 of A7-MeGua is ~75 h, suggesting that active repair is more important than loss by spontaneous depurination.
Maximal levels of A/7-MeGua are reached at a later time (4-24 h) after treatment with dacarbazine than C^-MeGua (~1 h), suggesting that adduct formation continues for 4-24 h, but that shortly (1-2 h) after treatment, the repair of (^-MeGua is already faster than its rate of formation.
Comparison of the levels of C^-MeGua and /V7-MeGua at 24 h post-treatment within patient groups suggests a correlation between the levels of these two adducts for 225 mg/m 2 dacarbazine (n = 5; r 2 = 0.98; P = 0.001), but not for 1000 mg/m 2 (n = 16; r 2 = 0.01; P = 0.71). Whether these contradicting findings are due to differences in dose, other drugs, etc. is unknown. The mean level of /V7-methylguanine 2 h post-dacarbazine treatment (1000 mg/m 2 ) was 57.7 ± 28.1 |imol/mol Gua, giving a Cfi/Nl-MeGua. ratio of 0.058.
(iii) Relationship between AGT levels and C^-MeGua accumulation. A non-statistically significant negative relationship was observed between the pre-treatment AGT levels in lymphocytes and the rate of C^-MeGua accumulation in whole blood DNA during treatment with procarbazine. On the other hand, a statistically significant negative correlation (r 2 = 0.53; P = 0.013) was observed between pre-treatment levels of AGT and C^-MeGua levels 24 h after treatment of melanoma patients with dacarbazine alone. It is of interest, in terms of the variation of individual susceptibility to environmental methylating agents, to note that, for individuals lying at the extremes of AGT variation (in the range 5-11 fmol/g DNA), the corresponding variation of C^-MeGua accumulation covered an ~2-fold range.
(iv) Intra-and inter-individual variations in adduct and AGT levels. Since many patients were examined over a number of treatment cycles, it was possible to examine the intra-and inter-individual variation of response to exposure to methylating agents. For patients treated with procarbazine, 8.9% of the total variance of C^-MeGua levels observed after a given dose could be accounted for by intra-individual variation, while 84.5% was due to inter-individual variation. The corresponding figures for Hodgkin's lymphoma patients treated with lowdose dacarbazine are 5.0 (intra-individual) and 69.8% (interindividual). Thus it is clear that most variation in adduct formation is due to inter-individual differences in susceptibility. However, despite this large difference between intra-and interindividual variation factors, the actual range of adduct levels observed, either within the same or between different individuals exposed to a given dose of methylating agent was surprisingly small, being only ~3-fold. This range is much smaller than that reported for adducts found in individuals exposed to supposedly equivalent levels of environmental genotoxins.
As no significant differences in the levels and distribution of AGT were observed between the three groups of patients examined, data from all groups were combined for statistical analysis. Among the 43 melanoma and Hodgkin's disease patients investigated, the mean value of AGT (pretreatment) in blood lymphocytes was 9.04 ± 3.27 fmol/g DNA (range 4.8-18.6 fmol/g DNA). Statistical analysis indicated a unimodal distribution which did not deviate significantly from normality (P = 0.016).
The inter-individual variation of Nl-MeGua. levels for patients receiving the same dose is maximally 7.7-fold at 24 h, being in most cases <3-fold. The observed variation may be due to differences in kinetics of metabolic activation of dacarbazine and/or inactivation of reactive intermediates. The intra-individual variation of A7-MeGua for patients followed over two successive cycles was much less, generally covering no more than a 1.3-fold range.
(v) hprt mutations and micronuclei. Attempts were made to measure frequencies of hprt mutants and micronuclei in lymphocytes in the blood samples collected (i) just prior to the first course of chemotherapy; (ii) 24 h after the first course; and (iii) just prior to the second and subsequent courses. Despite problems associated with the transfer of viable lymphocyte specimens between different countries, samples from 15 patients were examined, four patients for whom samples for all of the above timepoints were available. No increase in mutant frequency or micronucleus induction in cytochalasin B-blocked binucleated lymphocytes which could be ascribed to chemotherapy was found in these patients.
In another study, blood samples were collected just prior to the first course of chemotherapy with dacarbazine alone (800 mg/m 2 ) and 2 h after the first and each of the seven subsequent courses at 21 day intervals. A therapy-related, progressive increase in the frequency of both CREST" 1 " and CREST" micronuclei was observed, indicating induction of structural and numerical chromosome damage.
(vi) Calculation of critical kinetic constants governing adduct formation and repair in humans through mathematical modelling. Mathematical modelling of the kinetics of adduct and AGT changes following treatment with the different methylating (9) carcinogen-DNA adduct level in lymphocytes cytostatic drugs has permitted the calculation of apparent rate constants for drug metabolism, C^-MeGua repair and AGT turnover. Comparison of these with independently observable pharmacokinetic parameters, as well as in vitro measurable parameters (e.g. repair rates), may allow extrapolation to the effects of methylating agents of environmental significance.
Individuals exposed to nitrogen oxides (participants 2 and 8).
Nitrogen oxides (NO Z ) constitute a widespread and significant environmental burden, particularly in cities. They are known to be efficient precursors of N-nitroso compounds, and there is evidence that human exposure to atmospheric NO Z may contribute to the endogenous formation of dimethylnitrosamine, a methylating carcinogen (Garland et al, 1986) . In view of this possibility, a controlled exposure study was carried out (Rasmussen et al, 1995) in which volunteers (n = 15) were exposed for 6 h to different concentrations (0, 4, 77 and 395 p.p.m.) of NO X in exposure chambers, and urine samples collected prior to, and at the end of, exposure, as well as 24 h after the end of exposure. Urinary 3-methyl-, 3-ethyl-, 3-(2-hydroxyethyl)-and 3-benzyladenine were measured by immunoaffinity purification followed by GC-MS spectrometry, to provide a possible measure of endogenous formation of alkylating N-nitroso compounds. No statistically significant association between exposure and urinary 3-alkyladenines was found, except for a marginally significant association for 3-ethyladenine (P = 0.036). Samples of serum were stored for future analysis of nitrotyrosine (to examine the value of this marker as a measure of exposure to NO-^) using immunoaffinity methodology developed in the context of the project.
Exposure to genotoxic compounds in the general population: a pilot study Human exposure to atmospheric pollution is poorly characterized. More than 3000 different chemical compounds were identified in urban air, some of which have genotoxic activity. Air pollution in large urban areas is dominated by traffic emissions that consist of a gaseous phase and a particulate phase (IARC, 1989) . The latter contains most of the known carcinogens present in urban air. An increased risk of lung cancer due to traffic-generated pollution was reported in a number of epidemiological studies, but the exposure is not well understood (Hemminki and Pershagen, 1994) . Exposure monitoring has mostly been made by air quality measurement and biological analysis of collected material, i.e. metabolites in urine. In the present project, different biomarkers were used to assess exposure to genotoxic compounds present in ambient air (a biomarker being defined as the reaction product between the environmental toxin and cellular macromolecules) and potential consequences of these interactions, i.e. chromosomal changes or mutations in reporter genes.
Environmental monitoring. Information on ambient air pollution during the collection period of the biological samples was obtained by information obtained from the public monitoring system (Athens), personal samplers and PAH analysis (Genoa), and analysis of aromatic hydrocarbons containing 6-10 carbon atoms in samples collected by personal (diffusion) or pumped monitoring (Swansea). Historical data (1987) (1988) (1989) (1990) were used to classify the air pollution level in Aarhus and Copenhagen, and the levels of particulate matter were 73 and-62 (ig/m 3 respectively. The level of particulate matter in Athens was in the range 35-88 ug/m 3 on the day of collection of the blood samples. Exposure to BP, benzo[/t]fluoranthene and benzoO]fluoranthene was used as a marker of exposure to PAH in the Genoa study, the range being between 0.01 and 25.8, 0.1 and 6.7, and 0.1 and 16.5 ng/m 3 respectively. Using personal monitors and benzene as a marker of exposure, a large seasonal variation was observed, the range being 6-47 p.p.b. for people living in a highly industrialized community in Wales. No information on air pollution level in the rural areas was obtained.
Sample collection. In the present study, samples were collected from non-smoking individuals not occupationally exposed to known genotoxins. The samples from Genoa were from traffic police officers who were exposed to a high level of trafficgenerated pollution. Their smoking status was verified either by cotinine level in serum or by questionnaires. Negative controls were individuals from Crete or rural areas of Denmark and England.
Although all individuals included in the study were nonsmokers, some former smokers were included. The age and gender of the people in the different cohorts varied, and are summarized in Table HI .
Exposure to ethylene oxide or ethene. Ethylene oxide (EtO) is an alkylating agent widely used in industry and health care facilities. An important non-occupational source of EtO is mainstream cigarette smoke. Ethene, which is present in urban air or can be formed endogenously, is metabolically converted into EtO. EtO will react with both DNA and blood proteins, i.e. haemoglobin in erythrocytes. The latter reaction product can be determined as N-(2-hydroxyethyl)-valine (HOEtVal) by a GC-MS procedure. The combined results are shown in Table  IV and Figure lla .
The adduct levels were in the same range (background) as seen in previous studies. The levels were lower than seen in smokers and in occupationally exposed individuals. The high level in the Norwegian samples compared with the reference group in the other countries may be due to the high industrial activity close to the residential areas. Passive smoking, which may be a contributing factor, was not controlled for.
For most of the population from Swansea, blood sampling took place repetitively on two or three dates. The results of the HOEtVal analysis for each of these samples is shown in Figure lib . The adduct levels for each individual in the population did not, in general, vary greatly with time of sampling, although one participant (no. 1) showed a >2-fold increase in HOEtVal level at the third sampling time. This is presumably due to an exogenous source of a hydroxyethylating agent.
The major reaction product of EtO with DNA is A/7-EtOH Gua, and this adduct can be determined in DNA isolated from white blood cells by immunoslot-blot assay using a monoclonal antibody against imidazole ring-opened A/7-EtOHGua. Only 4/29 (14%) of non-EtO occupationally exposed individuals had a detectable level of A/7-EtOHGua with a median value of 0.065 adduct per 10 6 nucleotides (range of 0-2.6).
Exposure to polycyclic aromatic hydrocarbons (PAH)
. BP is considered to be a marker of exposure to PAH, but the level of BP depends on the source of combustion products. The level of BP in urban air was estimated to be 4 pmol/m 3 and in mainstream cigarette smoke, 20-AO ng/cigarette. The active form of BP reacts with serum proteins, i.e. albumin and cellular DNA. The BPDE-serum albumin level was determined by measuring BP-tetrols released by acid hydrolysis of isolated albumin by a competitive ELISA assay. The adduct level in Danish rural samples (mean ± SE fmol/(ig protein; 4.84 ± 1.75) (Nielson et al, 1996b ) was non-significantly higher than in people living in an urban (4.01 ± 1.92) area. This result was unexpected. No significant difference in the BPserum albumin level was observed between blood samples collected in urban and rural areas in Norway, but the results indicate that the general population have a low adduct level (2.26-3.69 fmol/jig protein).
Carcinogen-DNA adducts can be detected by a number of different techniques, of which the 32 P-postlabelling is the most sensitive. This technique has mostly been used on cells and tissues from occupationally exposed individuals and smokers, and very few studies have been performed on individuals exposed to ambient air pollution (Hemminki et al, 1993) . In this study, the adduct levels in lymphocytes from non-smoking individuals living in rural and urban areas was analysed.
Two different enrichment procedures, Pl-nuclease and butanol extraction (Beach and Gupta, 1992) , can be used, but the latter was used in all the studies except in the Genoa traffic police officers' cohort. Results obtained by the butanol procedure were consistently higher than the results from the nuclease PI procedure. This is as expected, because the PI approach does not detect adduct formed between the C-8 position in guanine and, for example, aromatic amine or nitro-PAH, whereas the butanol method does. Both procedures are selective for large, bulky adducts and small alkylated nucleotides will not be detected. A large, interindividual variation (20-fold) was observed in addition to a seasonal variation (1.5-to 10-fold).
The results are expressed as RAL, and were corrected for day-to-day experimental variation in labelling efficiency by inclusion of a BPDE-modified DNA standard.
The results on the burden with genotoxic compounds in different geographic locations within the community are shown in Table V . DNA was isolated from lymphocytes isolated by lymphoprep centrifugation in the Danish and Welsh cohort, whereas total white blood cells were used in the samples from York and Athens.
Two different procedures were used for quantification of adduct levels. The values presented by the Netherlands group (participant 4) is based upon the number of total adducts in different zones of the chromatogram, zone 1 lower right and zone 2 upper left, whereas the method used by the Welsh and Danish groups (participants 3 and 2) is the sum of identifiable adducts.
The level of adducts was significantly higher in people living in the major cities, Copenhagen and Athens, compared with smaller cities and rural areas, suggesting that locally generated air pollution, e.g. traffic-generated combustion products, contributes to the burden with genotoxic compounds in the general population (Nielsen et al, 1996b) . A positive association between environmental monitoring of paniculate matter and adduct levels was observed in the samples collected in Athens. A comparison of the Athens and York data indicates a significant difference only in the adduct level in zone 2. This difference was only seen in samples collected during the winter, supporting the evidence of a large seasonal variation possibly due to different causes of air pollution or other meteorological differences. All donors in Wales were nonsmokers with only a moderate to nil alcohol intake. The levels of adducts in the Welsh urban population are shown in Figure  12 , and those for a control rural population in Figure 13 .
In a sub-cohort (Port Talbot, Wales) the level of aromaticrelated DNA adducts in lymphocytes was compared with that in buccal mucosa DNA from the same individual. The adduct level in buccal mucosa was consistently higher than in WBC. The levels of adducts in mucosa for the urban and rural populations are shown respectively in Figures 14 and 15 . The data are for a very limited population. Comparisons of adduct levels are shown in Figure 16 . Here, the adducts in the buccal mucosa from the urban population were plotted on a temporal basis. Very high levels occurred in November 1993. Because internal standards of BP-adducted DNA were used between experiments, these differences are real. Although the small population size examined means that they are not statistically significantly different, it is clear that a more extensive study of donors from the region is warranted. Such a study should examine adduct levels, P450 polymorphism, wind direction and PAH emissions from the coke oven plant. Using a competitive ELISA assay and a monoclonal antibody against BPDE-DNA, only 4 out of 30 samples gave a positive response, the range being 0.09-0.15 fmol BPDE-adduct/|Xg DNA. The difference in number of positive samples between the 32 P-postlabelling and ELISA assay is due to the higher specificity of the latter procedure.
No association between carcinogen-serum protein levels and carcinogen-DNA levels in non-occupationally exposed individuals could be detected in the combined study.
Different methods were compared for the detection of PAH-DNA adducts in DNA from lung cancer patients (participants 2, 4 and 7). No correlation was found between SFS and a postlabelling technique when analysing for PAH-DNA adducts in normal lung tissue. An interlaboratory study on postlabelling is underway. A nearly significant correlation was found between the amount of cigarettes smoked and the BPDE-DNA adduct levels (t = 1.98, P = 0.06, n = 19, RSQ = 6%, linear regression). A higher level of PAH-DNA adducts was found in females than in males (f = 2.27; P = 0.069). No correlation between mutation in the p53 gene in lung tumours and PAH-DNA adduct levels in normal lung DNA was observed. However, a nearly significant correlation was seen between packyear and p53 mutations (f = 1.94; P = 0.07).
Exposure to methylating agents. The C^-MeGua adduct, formed by small alkylating species, possibly generated by in vivo formation of methylating nitrosamines as a result of exposure to atmospheric nitrogen oxide, can be detected by either a competitive enzyme assay or by the 32 P-postlabelling procedure. The limit of detection of the former procedure is 0.08 HmolAnol guanine, and no C^-MeGua could be detected in samples collected in an urban area (32 cases).
Mutant frequency at the hprt locus. Other biomarkers include markers for early biological effects, e.g. hprt mutations in lymphocytes, MN. The mutation frequencies in the hprt loci in lymphocytes from people living in the centre of Athens and traffic police officers in Genoa were not significantly different from previously obtained results from the control group. The importance of the selection of sampling time was demonstrated by the observation of a seasonal variation in MN and SCE for the Welsh population (participant 13).
Mutant frequencies from 22 samples from the traffic-polluted exposed group from Genoa, and 10 samples from the York (non-polluted area) were also determined (participant 11). Mutant frequencies were in the normal range for age.
Exposure to environmental oil pollution. A further population became unexpectedly available for study during the course of this programme, when the oil tanker Braer ran ashore on the Shetland Islands during severe weather in December 1992. Samples were obtained from 26 non-smoking people exposed to airborne crude petroleum pollution following this incident (participant 11). Samples were obtained immediately (7-10 days) after the accident, 3 months later (when it might be expected that newly induced mutants would be expressed) and 1 year later. Samples from nine age-matched non-exposed Islanders were also obtained at the same time, and a series of experiments undertaken on each sample (with repeats wherever possible) to determine the mutant frequency at the hprt locus. Where results could be obtained at both first and second sampling, a slight tendency was seen for the mutant frequency to be higher at the later time; however, this effect was only small (11/20 higher versus 9/20 lower), and was also seen in the non-exposed group. In addition, all mutant frequencies were within the normal range of mutant frequencies seen in our extensive database. Studies such as this have proved invaluable in our assessment of the utility of assays aimed at monitoring the human population (of which hprt is an example). It is clear that a wide variation in mutant frequency exists in the human population [as predicted on theoretical grounds, Green et al. (1994) ], and where relatively small sample size is used, small effects, sometimes statistically significant, may be seen which may be ascribed to experimental artifacts or to chance, and which disappear when larger samples are analysed.
32 P-postlabelling is currently being carried out on lymphocyte DNA from these Shetland Island populations (participant 1). There does not appear to be a significant difference in adduct levels between the exposed and control populations.
General conclusions
The participants in this multi-disciplinary programme have made substantial technical advances in the procedures used for biomonitoring human exposure to carcinogens, and have applied these techniques to over 400 individuals exposed to carcinogens through occupational, medicinal and environmental sources. During the course of this study, several reviews of this area of research have been published by participants in the programme (Marafante et al., 1991; Menichini and Abbondandolo, 1991, 1992; Shuker and Farmer, 1992; Sorsa et al, 1992; Vrieling et al, 1992a, b; Farmer, 1993; Farmer et al, 1993) , and other aspects of the analytical methods and their application, separate from those described above, have also been reported (Tates et al, 1991a, b; Cushnir et al, 1992 Cushnir et al, , 1993 0vebr0 et al, 1992; Tomqvist et al, 1992; Herikstad et al, 1993; Sepai et al, 1993; Van Hummelen et al, 1993 , 1994 , 1995 Severi et al, 1994; Valavanis et al, 1994; Buchet et al, 1995) .
Studies of occupationally exposed populations demonstrated the ability of the techniques employed to demonstrate exposure to genotoxic chemicals. For example, exposure to exhaust fumes was proved to result in both higher DNA adduct levels, as measured by postlabelling, and increased levels of the 378 ethylene oxide adduct with N-terminal valine in haemoglobin. Exposure to methylating agents during cancer chemotherapy was also used to demonstrate the potential of the biomonitoring techniques for their application to monitor the exposure of the general population to environmental methylating agents. Human dose response and adduct repair data from these studies should assist in assessing the risk associated with exposures of this kind.
Studies with populations exposed to environmental genotoxic agents show that total carcinogen-DNA adduct using the postlabelling assay can be used to identify exposure to genotoxic compounds in non-occupational environments.
32 P-postlabelling of DNA adducts was found to be the technique of highest sensitivity for such exposure monitoring. By using standards to calibrate the quantification of adducts between laboratories, the level of adducts in rural donors was extremely consistent. Thus, the differences in urban donors cannot be attributed to inter-assay or inter-laboratory variations. Additional and better designed studies are necessary to compare the exposure in different parts of the community member countries. Furthermore, the results should be stratified according to known genetic risk factors, i.e. polymorphisms in xenobiotic metabolizing enzymes. In any future studies, it is imperative that adequate numbers of individuals are analysed to provide a comprehensive view of particular populations.
The role of carcinogen-DNA adducts in the carcinogenesis process is still not fully established. However, increased adduct levels were reported in workers with increased risk of developing tumours, e.g. lung cancer. From animal experiments and short-term mutagenesis/transformation assays, a positive association between adduct level and cancer incidence and mutation/transformation frequency has also been reported, suggesting that the carcinogen-DNA adducts may be a good marker of risk, although carefully designed prospective studies to establish clearly the association in man are still required. The confirmation that such an association exists in man would have a major positive impact on our efforts to minimize carcinogenesis in populations exposed to environmental genotoxic chemicals.
